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were carried out to investigate this phenomenon .~ Infrared d~ch—
roism and birefringence studies both indicate the high orientation

-• of the polybutadiene chains, but not of.the polystyrene chains ,
upon stretching. 4rhus most of the deforihation after the “transi-
tion” has taken place is due to the rubbery domains. Small angle
x—ray scattering ~resu1ts reveal that the morphology in the three
coordinate directions was different. Upon stretching, the pç ly-
styrene domains may have broken- up into smaller sub-domains~ which
could be responsible for the observed plastic-rubber transition .
The small angle light scattering and scanning electron micrograph
results appear to be consistent with the above proposed inter-

• pretations.
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R1-IEOPTICAL STUDIES OF BLENDS OF POLY(STYRENE-B-BUTADIENE-B-STYRENE)

AND POLYSTYRENE.

*
S. D. Hong and M. Shezi

Department of Chemical Eng i n e e r i n g
U n i v e r s i t y  of C a l i f o r n i a
Berkeley, Californ ia 94720

and
T. Russe1l and R. S. Stein
Department of Polyme r Science of Enginrerin~

and Polyme r Research Institute
University of Massachusetts
Amhe rst , M ;ls~~dc 1 I u s o tt s  0 1003

ABSTRACT

Polybl end s of poly(styrene—h—butadi ene—b—styrene) and pol y-
sty r en e  were cast f rom r e r r a h y d r o f u r an / m e t h y l e t h y l k et one  mix ture
us ing  a sp in ca s t e r .  These samp les were found to un dergo  “s t r a i n —
induced p l a s t i c — r u b b e r  t r a n s i t i o n” upon d e f o r m a t i o n .  I n f r a r e d
dichro ism and birefringence studies both indicate the hi gh orienta-
t i on  of the  pol y b u t a d i e n e  cha ins , but not of tili pol ystyrene cha lli s.
Thus most of the d e f o r m a t i o n  a f t e r  tile “ t r an s i t ion ” has  t ak on  p l a c e
is due to the  rubbery  domains . S c a n n i n g  e l e c t r o n  m i c r o g r a p h s  show
some su r f ace  fracture upon stretching for those samp les cont aining
hi gh po l ystyrene content. S n i i l  I ang li. x — r i v  sc i t t t r  t o g  rosul t s
reveal that the morphology in the three coordinate d irect ions wa~
different. Upon stretching, the polystyrene d o m a i n s  may have
broken up into smaller sub—domains , which could h€ responsible for
the observed plastic—rubber transition. Furthermore , there was a
decrease in the total scattering intensity for the stretched s-in—
p ies , indicating a change in t h e  mean square fl uctuat ion of elec-
t ron  d e n s i t y  of the  s t r e t c h e d  s a m p i ,  . Tile sn ,i 1 1  a l l ? • l t -  l i gh t  s a t  —

te r i n g  p a t t e r n s  appear  to bc cons i :  t t n t  w i t h  t h e  aht ~vt p r op ose d
int l rp r e t .  i t  t o l l . ;

Jet  P r o p u l  s ion  Labora  tory 6800 (l.tk ( roy 1)r j y~
, Cal i forn ~~ i 9 1 l ( )  ~
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INTRODUCTION

Poly mer blends in general have synerge t ic  properties which the
individual hotuopol yme rs do not have . Hi gh impact  pol y s t y r e n e  and
ABS block copolymers are excellent examples . Because polymers are
generally found to be incompatible as a consequence of positive
free energy of mixing, most polymer blends exhib it phas e separation

~~ ( 1—3) . Blends of incompatible homopolyme r do not have good mechan-
ical p roperties because of the lack of s u f f i c i e n t  adhes ion between
the different phases (4—6). An alternate process to improve
adhesion between d i f fe ren t  phases in a blend is to add a g r a f t
copol ymer or block copolymer. It was found tha t  the use of these

I - copolymers as additives in homopo l yme r blends g rea t ly  improve the
mechanical prope r ties of the blends (4—9). The morphoL ogy and
mechanical properties of these blends have been studied by a number
of workers (10— 17) .

Upon deformation block copolymers and blends of copolymer and
homopolyrner oflen exhibit stress softening (18—20) . Fu r t h e r m o r e
the deformed samples demons t ra te  a healing e f f e c t  in  t h at , upon
removal of stress , proper ties of the ori ginal  u n d e f er m e d  samp le .rc
restored (18,20). For example , when a sampl e o f t h e  b l en d  of
pol y ( s ty r e n e — b — b u t a d i e n e— h — s r y r e n e )  and pol y s t y r e n e  is st r a i n e d
beyond the yield point , it becomes rubbery  and exhibits high
elastic ity rather than irreversible drawing  ( 2 0 )  . l i e  St r o s s—
soften ing effect in pure block copol ymer has p~~ov io i i . ; l v  h~- t n  i t t  I n —
bu t ed  to the  break ing  up ot some sort of ri~~i i~ ~:t  no c I 1 i V  ( 18 , 21 ,
22 ) and the hea l in g e f f e c t  to the r e f o r m a t i o n  of  the ori gina l
domain structures (18). Inoue et al., (15), or th’~ oti ;er hand ,
found that in the blends of poly(styrene—b—isoprene) with pol y-
styrene , the samp le unde rwent y ie lding upon s t r e t ch i n g .  In th i s
work , a rheo—optical  investigation of the s t ra in—indu ce d  p l a s t i c—
rubber transition is presented In an effort to further elucidate
the mechanism of this interesting phenomenon .

EXPER IMEN TAL

Poly(styrene—b—butadiene—b— styrene) block copolyner (SBS),
designated as Kraton 1101 , was received from Shell Chemical Company.
The copolymer contains 28% pol y styrene  and 72~ polvhutadiene. Tile
wei ght average molecular wei ght of the copol y:~cr is 84,000 and the
polydispersity index is 1.21. The styrene blocks of the copolyme r
have a number average molecular weight of 13 ,300. fhe polyhura—
diene (PB) blocks have 46% trans—l ,4, 46% c is—l ,4 and 8% vinyl
structures. Polystyrene (PS) was supp li ed b\ Polv~iciences~ I n c . ,
and has a number  average m o l e c u l a r  we i gh t o f 4 1 ,flOO and poly—
di spersi ty ind ex of 2.32 .

Samp les of the biock copo lymer and its b l e n d s  w i t h  PS were
c a s t  in the form et sheets from it ).’ ~;oluiLln n ~ t e t l.uilv , lrot utr an 
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and methyl ethy l. ketone mixture (90/10 in volume ratio). A sp in
caster was used for casting. The cast films were heated in vacuo
at 60°C until constant weight was reached , indicating t h a t  t he
residual solvent had been removed.

Small angle x—ray scattering (SAXS) measurements were made
with a Kratky small angle x—ray camera equipped with a Kratky—
Siemans x-ray tube operated at 40 Ky and 20 mA . The intensity
was measured with a proportional detector in conjunction with a
pulse—height  ana lyzer .  Sl i t  co l l imat ion  was used and no desmearing
correc tions were made for the data presented. The resolu t ion  of
the apparatus was set at 1800 A . Small angle l ight  s c a t t e r i ng
pat te rns  were recorded on polaroid films using a lie—Ne laser
(Spectra-Physics) as light source. Scanning elec tron micrographs

V 
were obtained on an ETEC scanning electron microscope.

I n f r a r e d  dichroism measurements were carr ied ou t  using a
Perkin—Elme r Model 180 I n f r a r e d  Spectrop hotometer  equipped w i t h
a Perkth—Elmer silver bromide gold wire gr id polarizer. A
stretching device capable of ex tending bo th ends of the f i lm
simultaneously was used , thus the same par t of the f ilm remained
in the beam at all elonga tions. Birefringence measurements were
made w ith a Babinet compensator equi pped w i t h  a m e r c u r y  l amp as
light source.

RESULTS AND DISCUSSION

Infrared Dichroism and Birefringence

The SBS and its blends with 10%, 20% , 30% and 40% PS all
showed s imi lar  d ichroic  ra t io  vs.  elongation re la t ionsh ips, there—
fore only the results for the SBS and its blend with 20% PS will
be presen ted. The assignments of the absorption hands chosen for
this study are summarized in Table I .  Since almost all absorption
bands associated with PS disp layed negl igible dichroism , onl y the
results from two bands will he given.

The orientation of the transition moment with respect to the
sample stretch ing dir ection may be given as (27):

- p - i
— 

D + 2

where the dichroic ratio D = A11/A1; A1, and A
1 

ar e ab sorbance w ith

the incident infrared beam polarized para l l e l  and perpendicular

t to the s t r e t c h i n g  d i r e c t  ion , r e s p e c t i v e ly .  f.1 can b c  used to
estimate the orientati on of chain axis of t h e  m o l e c u le  p r o v i d e d
the angle between the  chain axi ; and the t r ams  it ion moment  is
known (27) . In  the pr e~;ent  case , however , thu i ~; ill f o  r r n u t  ion is n ot
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Table 1. Assignments of IR Absorption Bands

Frequency (cm~~) Assignment

1602 , 1493 The C=C skeletal in—p hase vibration
of the aromat ic  r ing in p o ly s t y r e ne
(23 ,24)

1410 Cu 2 in—phase deformat  b a  of —C hI-~ClI2 ( 23)
or CII in—p lane bending of cis —C }VC U— (2 5 )

1310 CH bending of cis 1,4 p o l y hu l a d i en e  (26)

1243 Associated with poly butadiene (25)

available. Thus we will use f~1 as a qualitative indication of
molecular orientation .

Figs. 1 and 2 show as a function of elongation for the
SBS and its blend with 20% PS. One may note that value for for
the absorp tion bands 1602 cm~~ and 1493 cm 1 (and other bands not
shown) associated with vibration in PS chains are negli g ible.
Although in this case the .ung le between the t r an s  i t  ioo m oment  and
the chain axis is close to 54.7°, t ile va lue  ot r.. is always very
small even If the molecules have very hi gh orie nt ~t t io n ( 7 7 ) .
However , since in the presen t  case the values  of t M for all the
absorption bands associated with  PS are very small , i t  may be
reasonable to conclude tha t  PS chains have neg l i g ible orientation.
On the other hand , the absorption bands associated with the
vibration of PB chains have noticeable orientation . The values
of 

~M 
for different absorption bands are different , because the

angle between the transition moment and the chain axis for each
chain may be differen t. Furthermore , it has been shown theore—
tically (28 ,29) and experimentally (30) that the orientations of
chain segments in the amorphous regions are conformation—dependent.
The chain segments of different conformations in the same parent
chain may have different orientation.

Fig. 3 shows the birefringence of the SBS and the blend with
20% PS as a funct ion  of elongation. Th - samp les ha ve posi t iv e
birefringences at all elongations. This is  in c on t r a s t  to the
case of poly(styrene—b—isoprene) in which the birefringence
measured in the necked regions was reported to be negative due to
the orientation of PS (15).

The bi re f r ingence  of a he t  er op h a s cV  copolv~ier n ay  he expressed
in the form (31)

Li
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- 

A 

.

0.08 - -t -

131 0cm

1602 cm~
c 

~ 
l493crn 1

1.0 1.8 2.6 3.4 4.2
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Figure 1. Or ien ta t ion  f u n c t i o n s  of t r an s i t i o n  moment
of various i n f r a r e d  abso rp tt hn  hands of
pol ybutadiene and polystyrene components in SBS .

‘ I I I

0.20 - 
SBS/PS 2O

1410 cm~

0.12-
FM

1310 cm~0

0.04 - °

E longatiori
Fi gure 2. Orientation f u n c t i o n  of t r a n s i t i o n  moment

o f v ar ious  i n f r a r e d  absorp t ion  hand s of
pol ybti tadine and pci l y st y r e n e  c o m po n e n t s  in
blend of SBS/20’/ PS
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L- lgure 3. Birefr ingence vs. elongation for  the
SBS (0) and SBS/20~ PS (e)

A ~BCB
( 1

B + ~~C5o5 + A
f 

(2 )

where S and B designate PS phase and PB phase s e p a r a te ly ,  and
and are volume frac tion , C~ and CB are stress—optical co-
efficients and 0B and are stresses. A f is form birefringence.
The value of form birefringence for a SBS block copolyrner (20%
styrene content) with the PS domains forming perfectly ori en ted
rod s t r uc tu r e  was es t imated to be on the o r d e r  of 5x l0 4 (32 ) . I n
our case , the unstretched samp les had neg ligible b irefring€nce ,
indicating a negli gible fo rm b i r e f r i ngence. As th e samples are
stre tched , the value of form hirefringenco may increase as a
result of orientation of the optic axis of t h e doma ins. However ,
the value of the form birefringence is not expected to exceed
5x10 4 because the doma ins canno t achieve a hi gh degree of orien-
tation . It is more likely that A~ is very small in the stretched
samples because electron micrographs did not show any appreciable
or ien ta t ion  of the PS domains upon s t r e t c h i n g  (33) . The value of
Cs was estimated to be —5 .2 x 10 3 B rcwste rs if PS is in the rubbery
state and 10.2 Brewsters if it is in the glassy state (19), wh ile
CB was estimated to be 3.1xl0 3 Brewsters from t h e  follow ing
equations (31)

C = X C  + X C  (3)B c c  t t
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where Xc and X~ are the mole f rac t ions  of the cis and trans
isomers in PB and C

~ 2700 Brewsters and C~ = 4100 Brewsters (15)
are the respective stress opt ical  c o e f f i c i e n t s .  The contribut ion

- rom the vinyl component is neglected.

Since significantly hi gh values of posit ive birefringence
were observed for the SBS and its blends after yield point , it
seems to indicate that no appreciable orientation of PS chains has
occurred . Otherwise one may expect the birefringence to be
nega tive , as in the case of pol y(styrene—b—isoprene) (15), because
of the high negative value of C~ and the high value of o~ in corn—
parison with those of CB and 0B~ 

This evidence seems to support
the conclusion derived from infrared dichroism data discussed
earlier.

From previous electron tnicrograph stud ies of SBS and its
blends (11), the unstretched samples had a morphology of inter-
connec ting PS domains and PB domains. The fact that PB chains
were oriented while PS chains showed no orientation after yield
point indicates that the continuity of polystyrene domains was
disrupted to give smaller PS domains imbedded in polybutadiene
matrix. Thus the PB phase must hear the bulk of the strain , re-
sulting in chain orientation .

Srna U Ang lc X-R~~~~~cat tering (SAXS)

The geometry of the SAXS scan is shown in  F ig .  4 , w h e r e  t h e
direction 1 is normal to the film surface , the direction 2 is
parallel to the sp in direction and the direction 3 perpendicular
to both 1 and 2. The scattering profiles of the blend with 20Z PS
are shown in Fig. Sa for the unstrctclled sample , and in Fig. Sb
for the stre tch ed samp le.. The scattering profiles of the  pure SBS
are similar except for the different peak positions.

As can be seen from Fig. Sa, the sca ttering pa tterns are no t
the same in different d i r e c tio n s , Ind ica t ing  an a n i so t r o p i c  mo r-
phology . This anisotropy may be a result of th~ re lati ve ly raj)id
rate of evaporation of the solvent in spin casting. it has been
reported that the rate of evaporation of the solvent will g r e a t l y
a f f e c t the morp hology of the  samp le (34) .

The unstretched sample shows a rather sharp scattering peak
with the incident beam along the direction I (Fig. Sa). The same
is true for SBS . These r e su l t s  i n d i c a t e  t h a t  the domains have
hi gher regularity in the direction normal to the samp le surfa ce.
There is a very in tense  s c a t t e r i n g  a t lower an g les when the m c  I —
dent beam is along the 2 d i re c t  ion ( c u r v e  2 of  Fi g. Sn) , whic h
appears to arise from total re flection , n~. shown in Fi~~. 

( in w h i c h
t h e scat tering p r o f i l e s  are  seen to he d ep en d e nt  on t h e  t h i t  ;ln~;iI. 
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Figure 4. Geometry of SAIlS scans . 1 is normal t o
the sample surface. 2 is the spin
direction of the spin caster and 3 is
the stretching direction.

F I r ’° I I
a) Unst ret ched b) Stretched

SBS/PS2O SBS/PS2O

0 0.20 040 0 0.20 0.40
Scatter ing Angle

Figure 5. SAXS prof iles for the blend of SBS/20% PS. (a) Sample
unstretched. (b) Sample  was s t r e t ch t ~i n u t  ii  t h e
p l a s t i c — r u b b e r  t r a n s i ti o n  comp let e d . Ih e  ~.t r e s s
was then released. The residual s t r a i n  wis less
than 20%. Curves 1 , 2 and 3 corr s -~~d to s c an n in g
geometry shown in Fig . 4 .  

—.-- --- -~~~~---- ~~~~~~--- --- - £4
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The unstretched sample of the specimen in the beam also has weak
second order scattering maxima in all three scattering profiles
while the blend w i t h  20% PS has second order scattering only when
the incident beam is along the 1 direction.

I I I j I

10 -
¶0 SBSIPS 10

Tilt Angle 
-

000
A 0 2 ’  -

0 11.00

I,

U,

C
0

—

0
x - - -
i-I

c I I L

0 0 2  0 4  0 6
S c a t t e ring Ang le (d eg)

Fi gure 6. Sca t t e r ing  p r o f i l e s  of C I i ! V &  2 in  F i g. 5
with samp le tilt e d at various ang ico .

Because the samp le holder of the SAKS ap p a r a t u s  was not cap-
able of h o l d i n g  an ex tended  samp le , t h e  s a M p l e  was f i r s t  s t r e t c h e d
u n t i l  t he  p l a s t i c — r u b b e r  t r a n s f o r M a t i o n  was comp l e ted  and then
r eleased . The r e s i d u a l  s t r a i n  wa~. h a s  t h a n  2b~/,. The s c a t t e r i n g
p r o f i  l i ~~ show d r a s t i c  change s , as shown in F i c .  5h. The scatter ing
p r o f i l e s  becec~t- m ore  d i  t f u se  and t h e  f i r s t  o r d e r  sc a t t  ~r i n g  maxima
a i t -  sh I f~ ed to h i cher ang le r . H. weve r , the second o r d e r  s c a t t e r i n g
maxima ( t I O t  shown) are not pres ent in the stretched samp le .

While i t  may n o t  be s t r i c t l y v a l i d , Bragg ’s law was used t o
est  m a te  t he  change  in in t e r d o m a i n  spac ings  f r o m  t h e  peak pos i t  Ions
of t he  s c a t t e r i n g  c u r v e s .  S i n c e  the r e s i d u a l  St r a i n  r e m a i n i n g  in
t h e  s t r e t c h e d  samp le was less t h a n  20% , changes  in t i t e  i n t c r d o m a i n
sp -ie  logs f r o m  Bragg ’s law shou ld  serve an approxim ate i n d i c a t i on
of m orp ho log ica l  c h a n ge s  up o n  di t or a . i t  ion . T h e  r e ; \ ~1t s a rc  su m —
rtt.-tri ccd in Tab l e  ~~~. 

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . LA
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Table 2. Positions of Observed Small-Angle Maxima CX )

Order of Mode of View
Sample Condition Maximum 1 2 3

Uns tretched 1 366 306 309
2 198 148 148

SBS Stretched 1 342 294 —

1 443 355 355
iJnstretched

2 207 — —

SBS/20% PS 1 383 369 349
Stretched

2 177 — —

There is a distinct decrease in the interdomain spacings wi th
deforma tion as seen from the scattering curves for  the case of
the incident beam norma l to the samp le surface. The changes in
the in terdomain spacings when the inciden t beam is in the other
two directions are not very certain because the scattering profiles
are very diffuse. This decrease in interdomain spacings in con-
junction with the more diffuse scattering prof iles upon deformation
seems to indicate that the polystyrene domains were disrupted into
smaller domains . If the polystyrene domains maintained their
integrity after deformation , one would not have expected such a
pronounced change in interdomain spacings where less than 20%
residual strain remained . This conclusion also agrees with a
recent electron micrograph studies of a different SBS sample
prepared under the same condition (33).

The effect of annealing the stretched sample at ambient tem-
perature is shown in Fig. 7. Curve 1 is for the unstretched
sample , curve 2 for the sample which was stretched and scanned
immediately and curve 3 for the stretched samp le which was kep t
(unstretched) at ambient temperature for 4 days. It is seen that
upon annealing the scattering curve became more similar to that of
the original sample , indicating a partial restoration of the or!—
ginal morphology . This reformation of the original morp hology
may correspond to the reported healing process observed in tile
mechanical properties of block copolymers and polyblends (10,18) .

Small_Ang~e Lf~~ t S c~ ç~~~~in S )

The V~, (parallel polarized) and ~~ 
(cross p o l a r i z e d )  s c a t t e r ing

pa tterns of SBS at various elongations are shown in Fi g. 8. The 

—-~~ _ 
A . ,
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Unstretched

Annealed for
four doys

U)
-

~~~~ U)

8
fq) -
0

Stretched
H

SBSIPS 20
(Direction I )

I -

C I I I

0 0.20 0.4 0 1
Scattering Ang le

Figure 7. Scat ter ing prof i les  for a SBS/2 0% PS samp le
with di f f e r en t  healing history . Cu rve 1,
unst re tched sample. Curve 2, scan ned
immediately after stretching. Curve 3, four
days a f t e r stretching.

intensi ty  of H
~ 

scattering is very weak compared to the V~
scattering. The exposure times for the H~, patterns were much
longer than those for the corresponding V.~, scattering patterns.
In Fig. 9 the sca t te r ing  of a blend of SBS wi th  10% PS in the
necked and unnecked regions of the sample after elongation .

The unstretched samples of the pure blocks copolymer and i t s
blends have no detectable H

~ 
scattering. The weak H~ s c a t t e r i n g

of th e st retched samp les may be a t t r ibuted  to form b i re fr ingence
and orientational birefringence arising from the extension of
polymer chains , especially the PB chains. As discussed earlier ,
the form birefringence of the unstretched samples is probably very
small but i ts  magnitude will increase as the samples are extended .

Th e fac t  tha t  V.,, scat tering is much stronge r than hi ~ sca t te r ing
suggests tha t  co rrelated density f l u c t u a t i o n  in the  samples

_ _  



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— ‘

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

S B S  H v H H
~siretch ,

Figure 8. V,, and 11~ scattering patterns from film of SBS at
various elongation .

dominate the scattering (36). For the unstretched samples, t h e  V.,,
scattering pattern is almost .ircular for SBS, indicating a random
correlation of the density fluctuation; whereas for t i t e  blends , the
V.,, scattering patterns are ellip t ical , indicating tue existence
of a regular domain arrangement in these samples (36,37). This
is in agreement with  the findings from previous work  (11) in which
the t ransmission electron tnicrographs showed no regularity of
domain arrangement in SBS while in the blends t he r e  are reg ions of
hi gh regular i ty  of domain arrangement .

Stretching gives characteristic changes of the V~ scat ter ing
patterns. The extent  of changes increases wi th  increas ing  amount
of PS in the blend. The stretched samp le  of SBS , SBS/I ’ S 10 and
SBS/PS 20 have elli p t ical sca tt e r ing  pa tt erns w i t h  d i f f e r e n t f i ne
details. The major a x i s  of the ellipsoid is p e r p e n d i c u l a r  to the
St ret c h i n g  dir ect ion . The stretched samp le  o f SItS/P S 3() has a

~~~~~~~~~~ — - - -~~--~~~~~~~ - _ _ _~~~___± __ ~~~~~~~~_ 



-r 

— -

~~~~~~
—-

~

--.‘-—-- 

~
- - -

~~
— — ~—

I

12.

1 0 % B L E ND
Hv ~~ HH

P P A

II
stretch direction

UNNECK ED f tEG ION

I 
_ _ _  

_ _ _

H 

~~~

-

~~~~
‘J

NECKED REGION

I LV~: __
- ~~~~~~~~~~~~~~~~~~~~~~~

Fi~~t t r e 9.  V~ s c a t te r in g  p a t te r n s  f r o m  spec imen  t A i n t s  of ~BS/I ’S 10 ,
SBS/PS 20 and SBS/PS 30 at unstretched and stretched
state.

dumbbell sca ttering patterns. All the new patterns remain in the
same range of s c a t t e r i n g  ang les as those f o r  t u e  u n s t r et ch e d
sample , i n d i c a t i n g  t h a t  s t r e t c hin g  does no t  change the range ot
correla tion (36 ,37) at this elongation.

The c h a r a c t e r i s t i c  changes of V~, s ca t t e r i n g  upon s t re t c h i t l ~
may be attributed to changes in tili’ correlation of density fl uc—
tuatfon (36, 37) as a result of morp holog i cal changes and of another
dens i l v  f l u c t u a t i o n  a r i s in g  f rom newly formed h et e r og en e i t  h’s due

~~~~~~~~~ _ _  - -
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to st re tch ing  (16) . It has been observed that  when an immersion
f lu id  was applied to the stretched samp les , t h ere was a dec r ease
in scattering intensity and , for SBS/PS 30, a sligh t chang e in
scattering pat te rn.  Thus these newly formed heterogenei t ies  must
be correlated to the voids or cracks developed in the styrene
domains upon st retching and are responsible for  the p l a s t i c — rubber
trans~ tion.

Scanning Elect ron Microscopy (SEM)

— Scanning electron micrographs of the f rac t u r a l  s u r f a c e  of the
unstretched SBS and its blends with various amount of I’S are
pr esen ted in Fi g. 10, and the SEM of the stretched samp les ar e
shown in Fig. 11. The samples were fractured at li qu id nit rogen
temperature along the direction normal to the samp le surface.

As shown in Fig. 10, the SBS does no t show macroscop ic phase
separation. On the other hand , macroscop ic phase separa tion
occu rs in all the blends forming a surface layer on the samp le
surface and inclusions of polystyrene island in the bulk. The
mac roscopic phase sepa ration may arise because the added homo—
po lystyrene has molecular weight hi gher than that of the corres-
ponding blocks in the block copo lyme r (35) . The thickness of the
surf ace layer is not ce r t a in  because there appears t o  be a t r a i t —
sit ion between the s u r f a c e  laye r and the hu lk  of t h e  m at e r i a l ,
especially fo r the 10% blend . The size of t h e  PS i s lands  seems to
increase w i t h  i nc r ea sin g  homopol ys ty rene  c on t en t .  T u e  a cLu a l
shapes of the islands are not certain. It was suggested from
studies of transmission electron micrographs of these sample (11)
that  these islands we re rod—like .

Upon deformation, as shown in Fig. 11, both the surface layer
and the inclusions unde rwent f r ac tu re .  It is obvious t ha t  the
surface layer fractures are attributable to a continuous PS phase.
It is seen that in the polystyrene island fracture occurred across
the islands in the d i rec t ion  perpendicular  to the s t r a i n  r a t h e r
than on the bounda ries . This seems to suggest tha t  mix ing  of the
homopolystyrene and the polystyrene component in the block co—
polyme r does occu r in these is lands , t hus the adhesive force
between the block copol ymer ma t r ix  and the  islands is hi gh enoug h
to s t ra in the pol y s t y r e n e  is lands beyond the i r  f r a c t u r e  poin t .
I t  appea rs that  f r a c t u r e  occurs mostly in the  la r ge r i s lands, per-
haps because they a re more easily strained . On the other hand ,
the smaller islands can simply move intact when the sample is
deformed . Another  poss ib i l i ty  is tha t  the larger  i s l ands  are more

~~ l ike ly  to incorpora te  Imper fec t ions  which are easily f r a c t u r e d .
The cracks appearing in the PS islands are no t ind uc ed d u r i n g
samp le f r a c t u r e  in l iqu id  n i t r o g en , since no cracks are observable
on the fracture surface of the PS islands in the unstretched samples 

~~~~~~~ - - — - - —~~~~~ —-~~~~~-— - -~~~~ -~~~- -~~
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Fi gure 10. Scanning electron microgra p hs  of f r a c t u r e  s u r f a c e  of
SBS and 1O~ blend w i t h  PS . (The satnp 1c~ were
tin~ trt tc1ied .) The fracture surfaces are par allel to
the norma l t o  t h e  samp i s u r f a c e .  (a) l ’hc hi eu(Is al l
have a layer of PS on the’ sainp ic’ surface , b u t  t h e  S1’IS
does n ot  have i t . (b)  The b t~’nd s have inc  h i s  ion  c i
pol y s t y r e n e  i s lands  in  t he  hu lk  of t h E  sai~ip l t ’ , t h e
SitS shows no inc lus ion . The sizes of t h e  pol vs t y r ene
i s l ands  inc rease  with i n c r e a s in g  l i o t n o p u l v s t y r c ’n e
c o n t e n t .

Fig. 12 illustrates tli is point with the 30~ b l end

F i g .  I i  does not  show any c ra ck s  fo rme d  in  t h e  r eg  i ass o u t s id e
h I’ . Is lands . I t is po- ;S  th to t h a t  t lie c r a ck s  fo rn~ed i i i  t hose

re~ iari ~ - i r e  too s m a l l  t o  he rcs lved by the SJ .
~-T . Since t hos t ’

51 .51 ( 1-  c d i  a p c r s e c l  in the hulk of t h e  mat er i ,i l , t i e  I r  o’t t i r e  u t  

--- ~~~~~~- ~~— - - -



- - ~~ -..-(--~
_
~w-

15.

H LI _

Fi gu re i i .  Scanning electron micrograp hs of f r a c t u r e  su r f ace  of
t he s t re tched samples of blends of SBS and PS
and the surface  layer of a s t re tched  SB S/30Z PS sample.

C racks are observed main l y in tile la rger PS
i slands.  (No cracks  ar e  seen iii t he  r. -g i oar out s ide
the PS is l an ds . )  Fract  t ir e s  oceu ’. red in t h e (lirec t ion
pe r p e n d i c u l a r  to t h e  s t  r e t c h i n g .

these islands cannot account for the observed p last i c— ruhb ~ r
t r a n s f o r m a t i o n . The f r a c t u r e  of t l i t ’  s u r f a c e  lay er  of the blends
may p a r t i a ll y account  fo r  t h e  y ie ld ing  of these samp les. Howeve r .
as shown by t he previous t ransmission e l ec t ron  microscopy s t u d i e s
(11) ,  these samples have an I n t e r c o n n e c t i n g  ne twork  of the PS as
w e l l  as PB do~ia i n s .  Thus the p last  ic—rub it i ’  r t. r an s l or m a l  ion mu st
cv e n tu a  Il y involv e the fracture of intercoune ’e t ed  s’i vst re’ue
domains into the ones which are dispersed in t h e  pg u~atr ix , as
m a n i f e s t e d  b y the  r e s u l t s  p resen ted  p r cv i o o-. l v .
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Fi gure 12. F r a c t u r e  s u r fa c e  of an uns tr et ch t ’d  3D~ b l e n d  i n d i c a t i n g
the  absence of cracks in t h e  PS phase’ .
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